Abstract: The extreme ultraviolet (EUV) reflectance of amorphous tetrahedrally coordinated carbon films (ta-C) prepared by filtered cathodic vacuum arc was measured in the 30-188-nm range at near normal incidence. The measured reflectance of films grown with average ion energies in the ~70-140-eV range was significantly larger than the reflectance of a C film grown with average ion energy of ~20 eV and of C films deposited by sputtering or evaporation. The difference is attributed to a large proportion of sp 3 atom bonding in the ta-C film. This high reflectance is obtained for films deposited onto room-temperature substrates. The reflectance of ta-C films is higher than the standard singlelayer coating materials in the EUV spectral range below 130 nm. A selfconsistent set of optical constants of ta-C films was obtained with the Kramers-Krönig analysis using ellipsometry measurements in the 190-950 nm range and the EUV reflectance measurements. These optical constants allowed calculating the EUV reflectance of ta-C films at grazing incidence for applications such as free electron laser mirrors. 5962-5963 (1994). 9. G. F. Jacobus, R. P. Madden, and L. R. Canfield, "Reflecting films of platinum for the vacuum ultraviolet," J.
Introduction
Many applications demand efficient mirrors for the extreme ultraviolet (EUV; here it refers to wavelengths in the 10-100-nm range; the 100-200-nm range will be referred to as the far ultraviolet, FUV). Thus, imaging targets in the solar system and universe at fundamental spectral lines in the EUV is often challenging due to the low intensity of the sources and to the modest reflectance of the coatings. EUV mirrors with high reflectance are also required for other applications such as synchrotron radiation, free electron lasers (FEL), spectroscopy, and plasma diagnostics. The lack of transparent materials at wavelengths above ~50 nm requires the use of mirrors with a single-layer coating and hence with a relatively low reflectance. Aluminum is an exception to this rule, with a high reflectance down to its plasma wavelength at 83 nm [1] ; however, Al slightly oxidizes in contact with the atmosphere, which destroys its EUV reflectance and which is unavoidable since no protective coating is available that is transparent below ~105 nm, the cutoff of LiF [2] . In the EUV range, chemical-vapordeposited (CVD) SiC coatings [3, 4] and hot-pressed B 4 C [5] are among the few stable materials that provide the largest known reflectance below ~100 nm down to ~60 nm, which is in the range of ~30-50%. However, CVD SiC films must be deposited onto substrates at very high temperatures, whereas hot-pressed B 4 C is a bulk material that is prepared at an extremely high temperature. In many practical applications, the mirror substrate must be kept close to room temperature during coating deposition. With this limitation, sputter-deposited coatings of SiC [6, 7] , along with B 4 C [8] , provide a reflectance of ~30-35% in the 60-100-nm range after the material has been exposed to the atmosphere for extensive periods. Below 65 nm, single layers of a few metals like Pt [9, 10] , Ir [11] , and Os [12] , have a relatively high reflectance of up to ~20-35% in the ~45-70 nm range. In spite of the lack of transparent materials, moderately high reflectance, narrowband multilayer coatings based on the transparency of Sc [13] [14] [15] , Tb [16, 17] , Gd [18] , Yb [19] , Eu [20] , and Mg [21] films have been developed recently.
Bulk carbon in the diamond allotrope was found to have a record reflectance in the EUV at wavelengths shorter than ~110 nm down to ~50 nm [22, 23] . However, bulk diamond mirrors are impractical in real applications. CVD diamond films have also been developed with a reflectance close to natural diamond [24, 25] , and this material is more suitable in practice. The preparation of CVD diamond films involves large substrate temperatures, in the range of ~1000-1400 K [26] ; Kurosawa et al. [24] mention a temperature between 1050 and 1270 K to grow crystalline diamond particles and an unspecified temperature below 970 K to grow amorphous particles. Heating the mirror substrate at such high temperatures may not be either possible or desirable in most cases.
Carbon films can also be deposited onto room-temperature substrates either by evaporation [27, 28] or sputtering techniques [29] ; unfortunately, their reflectance is substantially smaller than that of bulk or CVD diamond. Ion-beam-sputter deposited (IBD) C films have a higher EUV reflectance than films deposited by evaporation, which has been attributed to the larger average energy of condensing C atoms in IBD compared to evaporation [29] ; for IBD C films, a slight increase in the average energy of condensing atoms was seen to result in an increase in the EUV reflectance of the resulting films and this was attributed to a larger content of sp 3 bonding, the bonding of C in diamond [29] . This behaviour suggested that C films grown with impinging C atoms with optimum energy for the highest proportion of sp 3 bonding might result in a higher EUV reflectance [29] . C films with largest sp 3 bonding can be prepared by filtered cathodic vacuum arc (FCVA), among other techniques. The technique involves the arc evaporation of carbon and the creation of ~70% singly charged carbon ions with an energy of approximately 20-25 eV [30] . The positively charged ions can subsequently be accelerated to higher energies by the application of a negative substrate bias. The ions condense onto a room temperature substrate forming amorphous tetrahedrally coordinated carbon films (ta-C) with a high sp 3 content, the magnitude of which can be optimised by the level of the applied substrate bias. The deposited films have a density not far from bulk diamond. C films with an enhanced proportion of sp 3 bonding versus sp 2 (graphitic) bonding are called Diamond-Like Carbon (DLC); the term ta-C is used for DLC films when the proportion of sp 3 bonding is the largest, which is in the range of ~85% [31] .
Other than EUV reflectance, ta-C films have remarkable properties, such as mechanical hardness, chemical inertness, ultrasmoothness, and thermal stability, which are comparable with those of natural diamond. These are valuable properties for a mirror coating that may have to work in adverse conditions, such as in space or in a FEL.
Little information is available on the optical properties of ta-C films in the EUV. The EUV dielectric constant of ta-C films was determined from electron energy-loss spectroscopy [32, 33] , but to the best of our knowledge, no optical measurements, particularly reflectance, have been performed on ta-C films in the EUV. This paper reports on the EUV reflectance of ta-C films deposited by FCVA. Section 2 gives a brief description of the experimental techniques used for thin film preparation and optical characterization. In Section 3 we present the EUV reflectance of ta-C films prepared by FCVA with various average energies of the condensing C ions, along with the optical constants of the films in the 190-950 nm range, which were determined using ellipsometry. Finally, Kramers-Krönig analysis with reflectance data extended to a wide spectral range was used to obtain the optical constants of ta-C films in the EUV.
Experimental techniques
The films were deposited using a filtered cathodic arc system described previously [34] . A general description of the technique can be found in Martin et al. [30] . The arc source was operated at 60 A dc and used a pure carbon cathode (99.999% Plasma Materials), 60 mm in diameter. The substrates were mounted at the exit of the filtered arc source and were semiconductor grade polished silicon wafers (<100>) with a resistivity of 0.6-1.2 Ωcm. During deposition, the substrates were at ambient temperature and the area of deposition was approximately 50 mm 2 . The positive ion current at the substrate was measured with a biased shutter. The current was typically 100 mA over an area of the substrate. The film thickness was controlled by the deposition time and the typical deposition rate was 30-40 nm/min. The temperature of the substrate was measured by a thermocouple and did not exceed 40°C during deposition. The energy of the C ions impinging on the growing film could be tuned by adjusting the level of the negative bias voltage applied to the substrate in the 0-120-V range, which, for singly charged ions, the bias voltage added an energy to the ions ranging from 0 to 120 eV. The total energy of the ions impinging on the substrate is the energy of the ions as created in the arc, which is ~20 eV, plus the energy given by the bias voltage.
EUV reflectance was measured with GOLD's reflectometer. It has a grazing-incidence, toroidal-grating monochromator, in which the entrance and exit arms are 146° apart. The monochromator covers the 12.5-200-nm spectral range with two Pt-coated diffraction gratings that operate in the long (250 l/mm) or in the short (950 l/mm) spectral sub-ranges. The reflectometer operates with spectral lines that are generated in a windowless discharge lamp. The lamp is fed with various pure gases or gas mixtures with which the lamp can generate many spectral lines to cover the spectral range of interest. The beam divergence was ~5 mrad. The sample holder can fit samples up to 50.8x50.8 mm 2 . A channel electron multiplier with a CsI-coated photocathode was used as the detector. Reflectance was obtained by alternately measuring the incident intensity and the intensity reflected by the sample. Reflectance measurements were performed at 5° from the normal. Reflectance uncertainty is estimated to be within ± 2%.
Ellipsometry measurements were performed with a SOPRALAB GES5E spectroscopic ellipsometer. The incidence angle at which measurements were performed, 68° from the normal, was optimized by confining the spectral distribution of cosΔ symmetrically around zero in order to maximize accuracy. Ellipsometry measurements were performed to obtain thin film optical constants; ellipsometry is a precise technique and it is highly adequate when Si wafers are used as substrates.
Results and discussion

A. EUV reflectance
Five carbon samples were prepared in this research with the following bias voltage values: 0, 50, 80, 100, and 120 V, which are named as samples 1 to 5. The estimated average energy of the impinging ions on the growing film is ~20, 70, 100, 120, and 140 eV. Table 1 summarizes bias voltage, approximate average ion energy, and film thickness. Figure 1 displays the EUV-FUV reflectance of the five C samples as a function of wavelength. Two features are remarkable in the figure. One is that there is no significant reflectance difference over the samples grown with approximate average ion energies in the 70 to 140 eV range, and the differences over the samples are within the measurement uncertainty. This is attributed to the highest sp 3 bonding that has been reported for films deposited with C ion energies in the ~50-150 eV range [35, 36] . The other feature is that the films grown with ~70 eV or higher average energy have a substantially higher reflectance in the whole spectral range than the film grown with 0-V bias voltage, hence ~20-eV ion energy. This higher reflectance is coherent with the aforementioned highest sp 3 bonding for films grown in this range of C ion energies, along with the large EUV reflectance of bulk diamond, with 100% sp 3 bonding. The four samples grown with ion energy of ~70 eV and above (samples 2 to 5) correspond then to ta-C films. However, sample 1 estimated ion energy is insufficient to result in a ta-C film. The effect of different film thicknesses over the samples is mostly negligible due to the short attenuation length of the material and to the relatively thick films involved; hence all samples can be considered opaque in most of the measured range. In order to estimate the effect of thickness, reflectance was calculated using the optical constants obtained in sub-section 3.B; the reflectance difference calculated for the film thicknesses of samples 2 to 5 was limited to 0.04% (relative) in the range of largest reflectance (55-150 nm). The largest reflectance dependence on thickness is obtained at the longest wavelengths, as can be seen in Fig. 1 , due to the smaller k of ta-C films, which will be displayed in the next sub-section. The large reflectance difference observed for samples grown with 50-V voltage or larger with respect to the sample grown with 0-V voltage cannot be explained in terms of thickness either: such a film thickness difference is only responsible of a 0.7% calculated reflectance difference (relative) in the range of largest reflectance (55-150 nm). Table 1 . Solid line: reflectance calculated with the present optical constants. The semi-empirical data of Henke et al. [54] are also shown. Figure 2 compares the EUV-FUV reflectance of the ta-C film grown with a bias voltage of 50 V (average ion energy of ~70 eV) with other forms of high-reflectance, solid-state C material; other low-reflectance C-based materials, such as evaporation-deposited films, glassy carbon, and a-C:H films, are not plotted for clarity. ta-C film reflectance approaches that of both bulk and CVD amorphous diamond in the peak-side ranges compared to IBD C films; still, ta-C films do not reach the diamond high peak reflectance at 99 nm. For practical applications of high-EUV reflectance, ta-C-film coated mirrors have the remarkable feature that they are coated on room-temperature substrates, whereas CVD diamond films require a very hot substrate. Fig. 2 . The EUV-FUV reflectance of a ta-C film compared to other forms of high-reflectance, solid-state C material: bulk diamond [22] , CVD amorphous diamond (typical thickness: 15 μm) [24] , graphite (E⊥c-axis) [38] , IBD C (24-nm thick) [29] .
Comparing ta-C films with C films deposited onto non-heated substrates, the former have a significantly higher reflectance than IBD C films. The EUV reflectance of sample 1, grown with 0-V bias voltage, even though lower than that of samples grown with a larger bias voltage, it is slightly larger than the value reported for IBD C films [29] . The reason may be that the average ion energy of sample 1, ~20 eV, even though insufficient to produce C films with highest sp 3 bonding, it is somewhat larger than the average atom energy in an ion-beam sputtering system such as in [29] , which may reach only few eV; again, the smaller thickness of the IBD-C sample (24 nm thick) cannot explain a reflectance difference larger than 0.6% (relative) above 55 nm, whereas present sample 1 exceeds IBD C film reflectance an average of 16%. The large reflectance of the ta-C film compared to IBD C is attributed to the high sp 3 bonding content in ta-C films; in this way, diamond represents the limit of 100% sp 3 bonding. The proportion of sp 3 bonding content has been correlated with the energy of the ions in ta-C films [37] , and for the present films grown with non-zero bias, the proportion of sp 3 bonding is expected to be in the ~80-85% [34].
The reflectance of graphite for the electric field perpendicular to the c-axis [38] is also plotted in Fig. 2 , even though graphite represents the limit of 100% sp 2 bonding content; the reason to plot it here is that its reflectance is large below ~100 nm (conversely, graphite reflectance for the electric field parallel to the c-axis is much smaller [38]). Figure 3 compares the EUV-FUV reflectance of the ta-C film grown with 50-V bias voltage to that of other thin-film materials with relatively high-reflectance below 120 nm. The reflectance of IBD-SiC and IBD-B 4 C are known to decrease mostly in the first weeks after exposure to atmosphere. Since the present ta-C films were measured after an exposure to the atmosphere of 8 to 9 months, the comparison in Fig. 3 is performed with aged samples of IBD-SiC (80-nm thick) [39] and IBD-B 4 C (30-nm thick) [40] . The reflectance of a 58-nm thick Ir film [41] and of a ~70-nm thick Os film [42] are also displayed since these materials have a relatively high reflectance in the ~45-70 nm. Hence, Fig. 3 plots the reflectance of relatively thick films of SiC, B 4 C, Ir, and Os. A slightly larger reflectance than the plotted one, mostly for Os, can be obtained for semi-transparent films, and the reflectance increase is due to interferential effects with the substrate. The reflectance of thick films of these materials was selected here because the present ta-C films can be considered also opaque in the high reflectance range, as discussed above, since the attenuation length is much smaller than film thicknesses, and a reflectance increase might be expected with semi-transparent ta-C films as well. Figure 3 shows that the reflectance of ta-C film is larger than that of all other thin-film materials below 130 nm. This result reveals the potential of ta-C films for high-reflectance EUV mirrors. The roughness of ta-C films deposited with highest sp 3 proportion has been reported to be very small, mostly in the ~0.1 to 0.4 nm range [43] [44] [45] , with smaller roughness for thinner films [31] . These small values are advantageous for the use of ta-C films as EUV mirrors, since surface roughness affects EUV reflectance and scattering more than it does at longer wavelengths.
One drawback of ta-C films is that they grow with a large compressive stress of ~10 GPa, which correlates with the high sp 3 bonding content [46, 47] . The high stress limits the maximum film thickness to ~100-200 nm due to adhesion failure [48] ; fortunately, a 10-nm thick ta-C film may be thick enough for highest EUV reflectance, although the innermost regions of the thinner films may not grow with as high an sp 3 -bonding content as thicker ta-C films do [49] . Friedmann et al. [48] succeeded in releasing the stress of ta-C films by thermal annealing at 600 °C, without destroying the diamond-like properties of the films. Unfortunately, relaxing film stress by annealing at high temperature would limit the benefit of a coating that did not need a hot substrate upon deposition. Other methods to relax stress have been demonstrated. It has been shown that residual stress in ta-C films can be eliminated by UV excimer laser annealing [50, 51] without reducing the fraction of sp 3 bonds; with UV excimer laser annealing, only a localized surface layer of a few hundred nanometers in depth is heated, so that the substrate is not heated in the process. A reduction of ta-C film stress down to ~2 GPa was also obtained by incorporating a fraction of boron in the films without decreasing the high sp 3 bonding content [52] . Hence it seems that one of the main drawbacks of ta-C films for EUV coatings can be handled.
Another difficulty of ta-C films might be the deposition of uniform films on large mirror substrates, from a few centimetres up to meters. In the present system, the deposition area was only 50 mm 2 . But the filtered arc source could be made larger for larger size coatings; besides, more than one arc source could be used in parallel. The use of beam scanning, laserarc process, and sample rotation would also improve homogeneity and scalability. Our estimate is that, at least in one direction, samples as long as 100 cm could be deposited in principle with FCVAD. Alternative deposition processes, such as Pulsed Laser Deposition, are also scalable and produce high sp 3 -content ta-C films on larger surfaces [53] .
B. Optical constants of ta-C films
The optical constants of ta-C films in the FUV-EUV were calculated with the KramersKrönig (KK) analysis using reflectance data. The modulus R 1/2 and phase φ of complex reflectance r = R 1/2 exp(iφ) are linked with the following dispersion relation:
where P stands for the Cauchy principal value. Equation (1) provides the reflectance phase φ by integration of the reflectance modulus, from which it is straightforward to calculate n and k using the well-known Fresnel reflectance formula at normal incidence. The present EUV-FUV reflectance measurements were performed at 5° from the normal and no significant difference from normal-incidence reflectance is expected. The integral is presented in terms of photon energy E instead of wavelength to show it in the most common way. To perform the integration of Eq. (1) we need a full set of reflectance data in the whole spectrum. We extended the present reflectance measurements to cover the spectrum for an opaque ta-C film. At shorter wavelengths (larger photon energies) than present measurements, we used the semi-empirical data of Henke et al. [54] , which assumes that the atoms interact with radiation independently of the other atoms. The Henke data were downloaded from the Web site of The Center for X-Ray Optics (CXRO) at Lawrence Berkeley National Laboratory [55] . A density of 3.25 g/cm 3 was assumed [56] . Both k and n = 1-δ data were downloaded to calculate reflectance. Henke data were used in the energy range of 30 to 30,000 eV. For energies larger than 3 × 10 4 eV, we extrapolated Henke data by keeping constant the slope of the log-log plot of k(E). Figure 1 also displays reflectance calculated with Henke data for an opaque film.
In the 190-950-nm range, reflectance was calculated using the optical constants obtained from ellipsometry measurements. Ellipsometry measurements in the 190-950-nm spectral range were performed on the sample grown with a bias voltage of 50 V. Figure 4 displays the measured ellipsometry parameters:
Measurements were performed at 68°. To fit the ellipsometry measurements in order to calculate n and k, we used various Lorentz oscillators. A good fit to the ellipsometry measurements was obtained with a set of three Lorentz oscillators: ( )
where ε is the dielectric constant, the square of the complex refractive index n + ik. The oscillator parameters of the fitting are given in Table 2 . The three Lorentz oscillators of the fitting were used to obtain n and k in the ellipsometry range and they were also used for the extrapolation to longer wavelengths. These n and k data were used to calculate reflectance in this range for an opaque film, which completed the reflectance set to perform the KK analysis using Eq. (1) . The match between the longwavelength reflectance measurements and the reflectance calculated with ellipsometry data was improved with a smooth adaptation. KK analysis resulted in a self-consistent set of n and k data. Figure 5 displays the obtained n and k data, along with Henke data. Figure 1 also displays the reflectance calculated with the obtained n, k data; there is a good coincidence in the EUV-FUV reflectance between experimental measurements and calculations. Reflectance deviations are important only above ~170 nm; in this long FUV range k is smaller so that reflectance becomes more dependent on thickness. In Fig. 1 , measured reflectance is somewhat higher than reflectance calculated with Henke data; the difference might be attributed to that Henke's independent-atom approach may not be fully accurate in this longwavelength edge. Henke's approach is typically accepted below ~41 nm and away from absorption edges. The coincidence range is limited here to this long Henke edge, where ta-C absorption is still relatively high, in the tail of the high-reflectance peak at ~90 nm. Figure 4 compares the ellipsometry measurements with the ellipsometry parameters calculated with the obtained n and k data, which results in a good match.
The consistency of the calculated optical constants was evaluated with two sum-rules. The f-sum rule calculates the effective number of electrons per atom n eff (E) contributing to k up to a given photon energy: where N is the atom density (a mass density value of 3.25 g/cm 3 was used), e and m are the electron charge and mass, respectively, ε 0 is the permittivity of vacuum, and  is the reduced Planck's constant. The f-sum rule indicates that the high-energy limit of the n eff (E) must be 6, the atomic number of C. When the relativistic correction on scattering factors is taken into account, n eff (E) high-energy limit is slightly modified: the theoretical effective number of electrons is reduced to 5.994 [57] . The integral of Eq. (4) with the present k data results in 5.95, a mere 0.8% lower than the theoretical value.
The inertial sum-rule rule:
expresses that the average refractive index over the spectrum is unity. The following normalization parameter was used to evaluate the fulfillment of Eq. (5) [58] :
According to Shiles et al. [59] , a good value of ζ must stand within ± 0.005. A value of ζ = −2 × 10 −4 was obtained with the present n data set. Therefore, both the f-and the inertial-sum rules are satisfactorily met, which suggests a good accuracy of the present optical constants of ta-C. The stability of carbon films, along with their relatively high reflectance at grazing incidence, make C films a good choice for FEL mirrors. Several EUV FELs presently in operation involve mirrors based on sputter-deposited amorphous carbon films [60] . In this application, mirrors operate at grazing incidence to reduce radiation density on the coating, which results in a high reflectance in a wide spectral range of up to a photon energy of ~200 eV. The mechanical hardness, chemical inertness, and thermal stability of ta-C films make them a promising candidate for FEL mirrors. The optical constants obtained for ta-C films allow us to calculate their reflectance in order to evaluate their potential for applications such as mirrors for a FEL. Figure 6 displays the calculated reflectance of ta-C films at two grazing incidence angles, 80° and 87°, for radiation polarized both in the incidence plane (p) and perpendicular to it (s); the above n, k data were used in the calculation; below ~20 nm, the difference between the present data set and Henke data was negligible. A high reflectance is calculated in a broad range, which extends well above 200 eV for 87°-incidence due to the relatively high ta-C density, until a steep reflectance decay is obtained close to the C K edge.
The reflectance and (n, k) data are available on request at the following e-mail address: larruquert@io.cfmac.csic.es.
Conclusions
The EUV reflectance of ta-C films deposited with average ion-energy varying in the ~70-140-eV range has been proved to be significantly larger than for C films grown with lower atom energies, such as sputtering-or evaporation-deposited C films. No significant reflectance difference was observed among films within the above ion energy range. The reflectance of C films deposited with a lower average ion-energy of ~20 eV was smaller than in the above larger energy range. The reflectance of ta-C films approaches the reflectance of diamond (compared to sputtered-deposited C), although with a lower peak, but with the advantage that ta-C films are deposited on room-temperature substrates. The EUV reflectance of ta-C films is higher than for all other aged coatings of usual materials in the whole EUV-FUV range below 130 nm. A drawback of ta-C films may be the presence of a larger intrinsic compressive stress particularly for thicker layers but it is however expected to be surmountable according to several reported methods for stress relaxation.
Self-consistent optical constants of ta-C films in the EUV to the near infrared have been calculated by KK analysis using near-normal reflectance measurements in the 30-188-nm range and ellipsometry measurements in the 190-950 nm range, along with extrapolations. A good consistency of the data was evaluated with the application of two sum rules. The obtained optical constants resulted in a high grazing-incidence calculated reflectance in the EUV to soft-X-rays up to photon energies well above 200 eV. The relatively high reflectance, along with the material inertness and hardness, make ta-C films a promising material for applications in harsh environments, such as FEL mirrors.
